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Edited by Hans EklundAbstract Mutagenesis of Asp-196 into Ala yielded an inactive
variant of Leuconostoc mesenteroides sucrose phosphorylase
(D196A). External azide partly complemented the catalytic
defect in D196A with a second-order rate constant of
0.031 M1 s1 (pH 5, 30 C) while formate, acetate and halides
could not restore activity. The mutant utilized azide to convert
a-D-glucose 1-phosphate into b-D-glucose 1-azide, reﬂecting a
change in stereochemical course of glucosyl transfer from
a-retaining in wild-type to inverting in D196A. Phosphorolysis
of b-D-glucose 1-azide by D196A occurred through a ternary
complex kinetic mechanism, in marked contrast to the wild-type
whose reactions feature a common glucosyl enzyme intermediate
and Ping-Pong kinetics. Therefore, Asp-196 is identiﬁed unam-
biguously as the catalytic nucleophile of sucrose phosphorylase,
and its substitution by Ala forces the reaction to proceed via
single nucleophilic displacement. D196A is not detectably active
as a-glucosynthase.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Enzymatic glycosylation proceeds with either retention or
inversion of the anomeric conﬁguration of the substrate in
the product. The stereochemical outcome of the reaction is dic-
tated by the molecular mechanism of the enzyme [1]. Glycoside
hydrolases are the most thoroughly studied class of glycosyla-
tion catalysts, and conﬁgurational retention and inversion are
thought to result from double and single nucleophilic displace-
ments at the anomeric carbon, respectively [1–3]. The retaining
glycoside hydrolases typically utilize a pair of carboxylic acids,
one of which functions as the nucleophile and is engaged in the
formation of a conﬁgurationally inverted glycosyl-enzyme
intermediate and the other as the general acid–base providing
catalytic assistance to glycosidic bond cleavage and nucleo-Abbreviations: Asi, arsenate; bG1N3, b-D-glucose 1-azide; aG1P,
a-D-glucose 1-phosphate; aG1As, a-D-glucose 1-arsenate; SPase, suc-
rose phosphorylase; LmSPase, SPase from Leuconostoc mesenteroides;
BaSPase, SPase from Biﬁdobacterium adolescentis
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doi:10.1016/j.febslet.2006.06.020philic addition of water (Fig. 1A). A change of mechanism
from retaining to inverting has been achieved with some glyco-
side hydrolases following the substitution of the nucleophile by
a non-nucleophilic amino acid [4–12]. Alternate nucleophiles
such as azide, formate or halides which do not require general
base catalytic assistance restored signiﬁcant activity in the
otherwise inactive mutants whose reactions now yielded the
substitution product of inverted conﬁguration (Fig. 1B) [13].
Mutagenesis along with chemical rescue is therefore a powerful
tool with which to identify the catalytic nucleophile unambig-
uously. It is also useful to engineer enzyme variants with
improved synthetic capabilities (Fig. 1C; see later) [14].
Sucrose phosphorylase (SPase) catalyzes the reversible phos-
phorolysis of sucrose (a-D-glucopyranosyl 2-b-fructofurano-
side) into a-D-glucose 1-phosphate (aG1P) and D-fructose
[15,16]. According to EC classiﬁcation, the enzyme is a trans-
ferase (EC 2.4.1.7) and not a hydrolase. However, sequence
similarities suggest membership of SPase to family GH-13 of
the glycoside hydrolase families [17], and the recent crystal
structure of Biﬁdobacterium adolescentis phosphorylase (BaS-
Pase) clearly conﬁrmed the proposed evolutionary relationship
[18]. An interesting property of SPase apparently unique
among retaining glycoside hydrolases is the ability to accom-
modate both an oxyanion (orthophosphate) and an uncharged
sugar (D-fructose) as nucleophile/leaving group. Elegant early
studies of the reaction mechanism of SPase led to the original
suggestion of the now well established concept of enzymic gly-
cosyl transfer via a covalent intermediate [16,19]. Considering
the historically important role of the enzyme, it is surprising
that catalytic features of SPase have never been explored by
mutagenesis. Here we describe site-directed replacement by
alanine of the putative nucleophile (Asp-196) of SPase from
Leuconostoc mesenteroides (LmSPase) and report on functional
complementation of the D196A (Asp-196ﬁ Ala) mutant with
external nucleophiles.2. Materials and methods
2.1. Materials
Pfu DNA polymerase was obtained from Promega, the Qiaprep
Spin Miniprep kit was from Quiagen and DpnI was from Fermentas.
Oligonucleotide synthesis and DNA sequencing were performed at
VBC Biotech Services GmbH (Vienna, A). b-D-glucose 1-azide
(bG1N3) was synthesized from 2,3,4,6-tetra-O-acetyl-b-D-glucopyr-
anosyl azide (CMS Chemicals Ltd., Oxfordshire, UK) by de-O-acety-
lation with MeONa in methanol. All other chemicals were of the
highest available purity and obtained from Sigma.blished by Elsevier B.V. All rights reserved.
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Fig. 1. Reaction mechanisms of retaining (trans)glycosidases and catalytic mutants thereof. (A) Double-displacement mechanism of an a-retaining
enzyme. (B) Functional complementation of an otherwise inactive mutant in which the catalytic nucleophile (Asp or Glu) was replaced by a non-
nucleophilic residue (here, Ala). Nu is an external anionic nucleophile such as azide, formate, acetate or a halide. (C) The a-glycosynthase
mechanism, adapted for this study. The glycosyl donor substrate (here, bG1N3) has an anomeric conﬁguration that is opposite of that of the normal
substrate and therefore mimics the b-glycosyl enzyme intermediate of the reaction of the wild-type.
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The point mutation Asp-196ﬁ Ala was introduced via a Two-Stage
PCR strategy [20] employing the plasmid vector pQE30-LmSPase,
which encodes the wild-type LmSPase (ATCC 12291; GenBank acces-
sion number D90314 [21]; A. Schwarz and B. Nidetzky, unpublished
results) as the template. The following pair of oligonucleotide primers
was used to amplify the entire plasmid with Pfu DNA polymerase
whereby the mismatched codons are indicated in bold:
5 0-GCTAACTTGATTCGTTTGGCTGCCTTTGCG-3 0 (forward pri-
mer)
5 0-CGCAAAGGCAGCCAAACGAATCAAGTTAGC-3 0 (reverse
primer).
In stage one, two separate PCR reactions with the forward and re-
verse primer, respectively were performed which consisted of a pre-
heating step at 95 C for 60 s followed by four reaction cycles
(95 C, 50 s/60 C, 50 s/72 C, 12 min). In stage two, PCR reactions
were combined and continued for 18 reaction cycles (95 C, 80 s/
60 C, 50 s/72 C, 12 min) followed by a ﬁnal extension step at 72 C
for 7 min. After digestion of the parental template DNA by DpnI,
the mutagenized plasmid was transformed into E. coli JM109 cells.
2.3. Gene expression and protein puriﬁcation
Cells of E. coli JM109 harboring the respective pQE30 expression
vector for D196A and the wild-type enzyme were grown at 37 C in
LB-media containing 115 mg/l ampicillin. When the culture hadreached an optical density at 600 nm of 0.8–1.0, the temperature was
decreased to 25 C and gene expression was induced with 0.25 mM iso-
propyl b-D-1-thiogalactopyranoside for 16 h. The harvested cells were
resuspended in the same volume of 50 mM potassium phosphate buf-
fer, pH 7.0, and disrupted by repeated passage through a French press.
Cell debris was removed by ultracentrifugation for 30 min at 80000 · g
and 4 C. The supernatant was brought to 30% satd. ammonium sul-
phate, and precipitated proteins were separated by ultracentrifugation.
The clear supernatant was applied on to a Phenyl Sepharose Fast Flow
column (Amersham Biosciences; 2.6 · 12 cm), equilibrated with
50 mM potassium phosphate buﬀer, pH 7.0, containing 30% satd.
ammonium sulphate. Bound protein was eluted with a linear gradient
from 30% to 0% satd. ammonium sulphate using 50 mM potassium
phosphate buﬀer, pH 7.0, and a ﬂow rate of 8.5 ml/min. Wild-type
and mutant LmSPase were eluted at 15% satd. ammonium sulphate
under these conditions. After desalting of the pooled fractions with
Vivaspin ultraﬁltration tubes (10-kDa cutoﬀ; Vivascience), the concen-
trated protein (10 mg/ml) was loaded on to Fractogel EMD-DEAE
(Merck; 2.6 · 9.5 cm) equilibrated with 50 mM potassium phosphate
buﬀer, pH 7.0. Bound protein was eluted at a ﬂow rate of 5 ml/min
with a linear gradient of 0–1 M sodium chloride in the same phosphate
buﬀer, applied over 6 column volumes. Wild-type and mutant
LmSPase were eluted at 150 mM sodium chloride. Pooled fractions
were concentrated as before, desalted using a HiPrep 26/10 desalting
column (Amersham Biosciences), and again concentrated to
Fig. 2. (A) Comparison of the region containing the catalytic
nucleophile of diﬀerent members of family GH-13. (B) SDS–PAGE
of puriﬁed wild-type LmSPase and the D196A mutant thereof. (A) The
sequences shown are LmSPase (D90314), BaSPase (AF543301) and
amylosucrase from Neisseria polysaccharea (NpASase, AJ011781). The
alignment was performed with the Vector NTI program using the
AlignX-modul with the PAM250 scoring matrix. Conserved amino
acids are shaded in black (100% identity) and grey (67% identity). (B)
Lane 1, molecular mass standard; lane 2, wild-type; lane 3, D196A.
Staining of protein bands was done with Coomassie Blue.
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type and D196A were stored at 4 C. Protein concentrations were
determined using the Bio-Rad dye binding method with BSA as the
standard. Protein puriﬁcation was monitored by SDS–PAGE and in
the case of the wild-type enzyme, by activity measurements.
2.4. Assays and initial rate kinetics
Unless mentioned otherwise, all assays and initial rate measurements
were performed at 30 C using a 20 mM MES buﬀer, pH 7.0. SPase
activity was routinely measured by using a continuous coupled enzyme
assay, whose principle is described elsewhere [22] and which monitors
the conversion of sucrose (250 mM) and potassium phosphate
(50 mM) into the detected product aG1P, and D-fructose. Initial rates
were recorded in discontinuous assays according to published proce-
dures [23]. The products of phosphorolysis (aG1P) and synthesis (phos-
phate) were determined by reported methods [22,24]. Glucose is the end
product of the arsenolysis reaction of SPase (see later) and can be
formed by a hydrolytic side reaction of SPase which is signiﬁcant when
the glucosyl donor (sucrose; aG1P) is incubated with the enzyme in the
absence of a suitable nucleophile. It was determined in a coupled assay
with hexokinase and glucose 6-phosphate dehydrogenase [24]. Control
reactions lacking the enzyme or lacking one of the substrates were car-
ried out in all cases, and the values reported are corrected for the blank
readings. Apparent kinetic parameters were obtained from non-linear
ﬁts of the Michaelis–Menten equation to the initial rates.
Bisubstrate kinetic analysis for reactions catalyzed by wild-type and
D196A was performed by recording initial rates under conditions in
which one substrate concentration was varied at several constant con-
centrations of the other substrate. Reciprocal initial rates were plotted
against reciprocal substrate concentrations, and kinetic parameters
were obtained from nonlinear ﬁts of the data with the appropriate
equation. Eqs. (1) and (2) describe non-sequential (Ping Pong) and
sequential (ternary-complex) kinetic mechanisms, respectively
m ¼ kcat½E½A½B=ðKa½B þ Kb½A þ KaKbÞ ð1Þ
m ¼ kcat½E½A½B=ð½A½B þ aKa½B þ aKb½A þ aKaKbÞ ð2Þ
where m is the initial rate, kcat is the turnover number, [E] is the molar
concentration of the enzyme subunit (55.7 kDa), [A] and [B] are sub-
strate concentrations, Ka and Kb are Michaelis constants for A and
B, respectively, and a is an interaction coeﬃcient which describes
how the apparent dissociation constant of one substrate is changed
by the binding of the other substrate.
2.5. Functional complementation of D196A by exogenous nucleophiles
Initial rates of D196A-catalyzed conversion of aG1P (10 mM) were
recorded in the absence and presence of a various reagents which by
functioning as external nucleophiles could ‘‘rescue’’ activity that was
lost in the mutant. The sodium salts of azide, acetate, formate, chloride
and bromide were tested in the concentration range 10–350 mM. The
enzyme (4 lM D196A) was incubated at 30 C in 20 mM MES buﬀer,
pH 5.0–7.0. The release of phosphate was measured in dependence of
time of incubation up to 48 h. The reported values are corrected for the
amount of phosphate produced by spontaneous hydrolysis of aG1P
which was signiﬁcant but did not impair the determination of the enzy-
matic rates. The eﬀect of the nucleophiles on initial rates of the wild-
type was measured in suitable controls.
2.6. Synthesis and characterization of bG1N3
A solution of D196A (9 lM) in 20 mM MES buﬀer, pH 5.0, was
incubated at 30 C in the presence of 10 mM aG1P and 250 mM so-
dium azide. The reaction was monitored by TLC of samples taken at
certain times up to 24 h. TLC analysis was performed using precoated
plates (silica gel 60 F254, Merck), and 2-propanol/ethanol/butanol/
water (3:3:2:2 by volume) as the mobile phase. Spots were visualized
by exposure to thymol/ethanol/sulphuric acid (0.5:95:5, w/v/v) and
heating at 110 C for 5 min. The concentration of phosphate in each
sample was also measured. The reaction products were further ana-
lyzed by 1H, 13C, and corresponding 2 D homo- and heteronuclear
NMR spectroscopy. Sample preparation involved removal of the en-
zyme from the reaction mixture by centrifugal ultraﬁltration, lyophili-
zation of the ﬁltrate and dissolution into D2O. NMR spectra of the
sample were recorded on a Bruker DRX 600 AVANCE spectrometer
with a triple resonance xyz-gradient inverse probe at 600.13 MHz (1H)
and 150.86 MHz (13C) as well as on a Bruker DRX 400 AVANCEspectrometer with a double resonance z-gradient inverse probe at
400.13 MHz (1H) and 100.57 MHz (13C). Proton chemical shifts and
coupling constants were compared with those of independently synthe-
sized bG1N3 as well as with earlier reported spectroscopic data [25,26].
The following spectra were obtained: 1H NMR (400 MHz, 300 K,
D2O): d 4.83 (d, 1H, J = 9.2 Hz, H-1), 4.01 (dd, 1H, J = 12.5,
2.2 Hz, H-6a), 3.84 (dd, 1H, J = 12.5, 5.5 Hz, H-6b), 3.63 (ddd, 1H,
J = 10.0, 5.5, 2.2 Hz, H-5), 3.61 (dd, 1H, J = 9.6, 9.2 Hz, H-3), 3.51
(dd, 1H, J = 10.0, 9.2 Hz, H-4), 3.36 (dd, 1H, J = 9.6, 9.2 Hz, H-2).
13C NMR (100 MHz, 300 K, D2O): d 90.5 (C-1), 78.3 (C-5), 76.2 (C-
3), 73.2 (C-2), 69.6 (C-4), 60.9 (C-6). Chemical shifts are referenced
to external acetone (2.225 ppm (1H) and 31.45 ppm (13C)).
2.7. Glycosynthase reactions
The D196A mutant (15 lM) was incubated at 30 C in the presence
of 50 mM bG1N3 and 100 mM D-fructose dissolved in 20 mM MES
buﬀer, pH 5.0 or 6.0. Samples were taken after certain incubation times
(8–72 h), and the formation of sucrose was followed by TLC and stan-
dard HPLC using a Bio-Rad HPX-87 C column and refraction index
detection. The column was kept at 85 C, and deionized water was
used as eluent at a ﬂow rate of 0.6 ml/min.3. Results and discussion
3.1. Mutagenesis of Asp-196, and puriﬁcation and
characterization of D196A
Sprogoe et al. [18] have determined the crystal structure of
BaSPase in the absence of phosphate or a carbohydrate ligand
bound to the enzyme. Structural comparison of BaSPase with
the related amylosucrase [27] that had its sugar-binding sub-
sites 1 and +1 occupied by a bound sucrose molecule allowed
the identiﬁcation of the active centre of the phosphorylase,
suggesting that Asp-192 is the catalytic nucleophile [18]. To
examine the proposed role of the aspartate, we replaced the
homologous Asp-196 of LmSPase (Fig. 2A) by alanine and
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Fig. 4. pH dependence of the functional complementation of D196A
by added azide. Open and full circles show reactions at pH 6.0 and 5.0,
respectively. The concentration of the released phosphate was
measured after an incubation time of 6.5 h. The full lines show
nonlinear ﬁts of the data with a rectangular hyperbola yielding kmax
(pH 6.0: 3.9 · 103 s1; pH 5.0: 6.7 · 103 s1) and Kaz (pH 6.0:
480 mM; pH 5.0: 215 mM) where kmax is the apparent catalytic centre
activity of D196A at saturation concentrations of azide, and Kaz is the
half-saturation constant for azide. The ratio kmax/Kaz is the eﬃciency
of ‘‘chemical rescue’’ by azide.
Fig. 3. Structural analysis of the product mixture obtained by D196A-
catalyzed conversion of aG1P and azide. The relevant section of the
TOCSY spectrum of the sample shows the magnetization transfer from
H-2 to all other protons in bG1N3. The reference
1H NMR spectrum is
taken from independently synthesized bG1N3.
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shows an SDS–polyacrylamide gel of the isolated mutant
along with a sample of the wild-type obtained by using the
same puriﬁcation protocol. The activity of the mutant was
measured in the directions of phosphorolysis and synthesis
of sucrose using substrate concentrations that are fully saturat-
ing in the wild-type under otherwise identical reaction condi-
tions. D196A did not catalyze glucosyl transfer to and from
phosphate within limits of detection of the used assays which
corresponded to 0.0001% of the catalytic centre activity (kcat)
of the wild-type for the phosphorolysis direction (kcat =
135 s1). Unlike the wild-type that promoted eﬃciently the
arsenolysis of aG1P (kcat = 160 s
1), the mutant did not cata-
lyze the same exchange reaction, as shown in:
aG1PþAsi ! bG-enzymeþ P i þAsi ! aG1Asþ P i
! d-glucoseþAsi þ P i ð3Þ
where hydrolysis of aG1As is a non-enzymatic step. In Eq. (3),
Asi is arsenate, bG-enzyme is the covalent b-glucosyl enzyme
intermediate, and aG1As is a-D-glucose 1-arsenate. Consider-
ing that the leaving group (Pi) and the incoming nucleophile
(Asi) exhibit pKa values of about 7, the enzymatic conversion
of aG1P into aG1As is expected to proceed without the
requirement for substantial catalytic assistance from a general
acid–base. Therefore, the absence of measurable arsenate-
exchange activity in D196A suggests that the ﬁrst step of Eq.
(3), namely enzyme glucosylation was disrupted as result of
the mutation. This is in good agreement with kinetic conse-
quences anticipated from the elimination of a catalytic nucleo-
phile. Wild-type LmSPase shows a low level of hydrolase
activity towards sucrose and aG1P under conditions in which
a suitable nucleophile (e.g. phosphate and D-fructose) is lack-
ing. Its kcat for the hydrolysis of aG1P was determined as
2 s1. By contrast, D196A did not hydrolyze aG1P at mea-
surable rates.
3.2. Chemical rescue with external nucleophiles
When presented with sodium azide as an alternate nucleo-
phile, the conversion of aG1P by D196A proceeded at a slow
rate, which was measured as the release of phosphate over
time. No formation of D-glucose was observed under these
conditions indicating that hydrolysis did not take place and
a new substitution product was synthesized. This glucosidic
product co-migrated in TLC with an authentic standard of
bG1N3 (data not shown). Its proposed chemical structure fea-
turing the inverted anomeric conﬁguration was conﬁrmed
unequivocally by NMR analysis of the product mixture ob-
tained after exhaustive D196A-catalyzed conversion of aG1P
in the presence of azide (Fig. 3). When incubated under the ex-
actly identical conditions as D196A, the wild-type hydrolyzed
aG1P but did not catalyze glucosyl transfer to azide.
The level of restored glucosyl transfer activity in D196A in-
creased with the concentration of azide and was dependent on
pH (Fig. 4). The second-order rate constants for functional
complementation of D196A by the external nucleophile was
0.031 M1 s1 and 0.0081 M1 s1 at pH 5 and 6, respectively.
Control experiments revealed that azide acted as a weak inhib-
itor of the wild-type enzyme. Therefore, these results suggest
that activity enhancement in D196A results from the direct
participation of azide as a nucleophile in the now inverting glu-
cosyl transfer mechanism of the mutant. Other nucleophilessuch as acetate, formate, chloride, and bromide (all as sodium
salts; 10–350 mM; pH 5.0–7.0) did not rescue activity lost in
the mutant. At apparent saturation with azide, the turnover
number of D196A was approx. 5 · 103 s1 and can be com-
pared with the turnover number of the wild-type for glucosyl
transfer from phosphate to arsenate (kcat = 160 s
1) or to
D-fructose (kcat = 115 s
1).
3.3. Kinetic characterization of D196A
Consistent with the change of mechanism following the
replacement of Asp-196, the mutant was able to catalyze the
phosphorolysis of bG1N3, forming aG1P at a robust, however,
low rate. Results of a steady-state kinetic analysis for D196A
are shown in Fig. 5A which is a Lineweaver–Burk plot of reci-
procal initial rates against the reciprocal concentrations of
bG1N3. The intersecting line pattern obtained indicates that
the apparent speciﬁcity constant (kcat/Km) for bG1N3 was
dependent on the concentration of phosphate (and vice versa);
and it is diagnostic of a sequential kinetic mechanism in which
both substrates must bind to the enzyme before the ﬁrst
product is released. The intersection point of the lines in
Fig. 5A is below the horizontal axis which implies that binding
of one substrate has a negative eﬀect on the binding of the
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Fig. 5. Steady-state kinetic analysis of glucosyl transfer to phosphate
catalyzed by wild-type LmSPase and D196A mutant. Shown are plots
of reciprocal initial rates of formation of aG1P against reciprocal
substrate concentrations for (A) the reaction of D196A with bG1N3 in
the presence of 5 (d), 10 (s), 25 (.) and 50 (,) mM phosphate, and
(B) the reaction of the wild-type with sucrose in the presence of 2.5 (d),
3.5 (s), 5 (.), 10 (,) and 15 (j) mM phosphate. Initial rates were
recorded at 30 C in 20 mMMES buﬀer, pH 6.0. The lines show ﬁts of
the data in panels A and B to Eqs. (2) and (1), respectively using kinetic
parameters in Table 1.
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has a value greater than unity (see Table 1). The requirement
for a kinetically competent ternary complex is consistent with
a catalytic scenario for D196A in which a single nucleophilic
displacement leads to conﬁgurational inversion. By contrast,
phosphorolysis of sucrose catalyzed by wild-type LmSPase fea-
tured Ping-Pong kinetics, as revealed clearly by the character-
istic parallel line pattern in a double reciprocal plot of initial
reaction rates and concentrations of sucrose (Fig. 5B). TheTable 1
Kinetic parameters of glucosyl transfer to phosphate for wild-type
LmSPase and the D196A mutant thereof
Wild-typea D196Ab
kcat (s
1) 105 ± 2 (2.6 ± 0.2) 104
Km sucrose (mM) 3.1 ± 0.2 n.a.
Km phosphate (mM) 4.4 ± 0.2 8.6 ± 3.3
Km bG1N3 (mM) n.d. 8.9 ± 3.4
a n.a. 2.3 ± 1.2
Mechanism Ping Pong Ternary complex
Initial rates were determined at 30 C in 20 mM MES buﬀer, pH 6.0.
The glucosyl donor substrate was sucrose and bG1N3 in reactions
catalyzed by wild-type and D196A mutant, respectively. Results are
from nonlinear ﬁts of Eqs. (1)a and (2)b to the experimental data
shown in Fig. 5. n.d., not determined; n.a., not applicable.non-sequential kinetic mechanism obviously reﬂects enzymic
glucosyl transfer in two steps via a covalent intermediate. Ki-
netic parameters of D196A and wild-type are summarized in
Table 1. D196A showed a kcat for glucosyl transfer to phos-
phate that was only 0.0003% of the wild-type kcat. Considering
this large catalytic defect caused by the mutation, the Michae-
lis constant of D196A for phosphate was surprisingly similar
to that of the wild-type. The high value of a indicates that
D196A is certainly not optimized for catalyzing glucosyl trans-
fer via a ternary complex.
By the deﬁnition of a ‘‘glycosynthase’’ being a mutant glyco-
sidase that can synthesize di- and oligo-saccharides but does
not degrade them [14], D196A was supposed to act as a novel
a-glucosynthase. However, within the limit of detection of the
experimental procedures and analytical methods which corre-
sponds to an apparent kcat of 5 · 106 s1, the mutant did
not convert bG1N3 and D-fructose into sucrose.4. Conclusions
The identity of the catalytic nucleophile, primarily deduced
from sequence alignment with BaSPase [18], has been probed
by site-directed mutagenesis and its role in catalysis conﬁrmed
by chemical rescue of the inactive alanine mutant with azide as
the exogenous nucleophile. The large rate reduction for the
D196A mutant, together with the formation of a glucosyl-
azide product with inverted anomeric conﬁguration compared
with the substrate, allows the unambiguous assignment of
Asp-196 as the catalytic nucleophile of LmSPase. Kinetic evi-
dence is presented, for the ﬁrst time among (trans)glycosidases,
that substitution of the catalytic nucleophile by a small, non-
nucleophilic residue forces the enzymatic reaction to proceed
through a ternary complex, exactly as expected if glucosyl
transfer occurred via single displacement mechanism. Consid-
ering the widespread use of exogenous azide for the functional
complementation of nucleophile mutants of (trans)glycosi-
dases, glycosyl azides would seem to be the ideal glycosidic
substrates with which to complete the characterization of the
catalytic reaction proﬁles of these mutants, using the herein
introduced approach.
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